The effect of superinfection of adenovirus-infected cells with poliovirus in the presence of guanidine (P + G) has been analysed by pulse-labelling of cells with [35S]-methionine followed by polyacrylamide gel electrophoresis and autoradiography. The addition of P + G while reducing total polypeptide synthesis selectively inhibits cellular polypeptide synthesis and allows the visualization, particularly early in infection, of other labelled polypeptides previously obscured. T~us, at least three polypeptides i.e. ICSP-3, core-~ and 'p-core 2' can be detected in the absence of virus DNA synthesis. The addition of P + G also causes a retardation of the synthesis of the virus-induced polypeptides giving a clear sequence of translation viz ICSP-3 : core-I : p-core 2 -~-ICSP-I -+ hexon -+ penton base ~+ fibre. Since a similar sequence can be demonstrated by the use of the inhibitor cordycepin, it seems possible that this reflects a sequence of transcription. P + G addition also effectively inhibits the formation of virus particles.
INTRODUCTION
Human cells infected with adenovirus type 5 exhibit clear 'early' and 'late' phases in the development of infection and during the 'early' period after infection (the length of which varies with the multiplicity) there is no notable inhibition of cellular polypeptide synthesis. By labelling cells with [asS]-methionine and using SDS polyacrylamide gel electrophoresis followed by autoradiography it has been possible to discern, during this early phase, even in the presence of cellular polypeptide synthesis, the synthesis of one polypeptide (ICSP-3) which appeared to be specific for the infected cell (Russell & Skehel, 1972) . This pattern of polypeptide synthesis viz uninhibited cell polypetides and ICSP-3 synthesis was apparent even later in infection if virus DNA synthesis had been inhibited by the addition of cytosine arabinoside (Russell & Skehel, 1972) . In the absence of the inhibitor, however, the pattern of polypeptide synthesis changed during the course of infection and following virus DNA synthesis, the synthesis of virus structural polypeptides and other infected cell specific polypeptides (ICSPs) could be readily detected. The visualization of these labelled structural and infected cell-specific polypeptides was greatly facilitated by the fact that the background of cellular polypeptide synthesis was dramatically reduced at that time.
Inhibition of cell polypeptide synthesis occurs in cells infected with many other viruses. In some cases this inhibition is evident relatively early after infection. For example, host polypeptide synthesis is significantly reduced 2 to 3 h after infection of HeLa cells with poliovirus (Zimmerman, Heeter & Darnell, ~963) and it has been shown that this inhibition results from the rapid disaggregation of host polysomes after infection (Penman et al. 1963) .
A similar inhibition of cellular polypeptide and RNA synthesis can be obtained in the absence of poliovirus replication if guanidine is added at the time of infection (Holland, 1964; Bablanian, Eggers & Tamm, I965; Penman & Summers, 1965 ). Using this system to inhibit host macromolecular synthesis, Choppin & Holmes (1967) and McCormick & Penman (I967) have demonstrated that SV5 virus and mengovirus can replicate to yield infectious virus. In contrast, Newcastle disease virus (NDV) and vesicular stomatitis virus (VSV) replication appeared to be markedly reduced in the presence of non-replicating poliovirus (Ito, Okazaki & Ishida, i968; Doyle & Holland, t972) .
In this paper we describe the effect of infection with non-replicating poliovirus on adenovirus polypeptide synthesis. Our intention was to ascertain what effect premature inhibition of host cell polypeptide synthesis by poliovirus in the presence of guanidine (P+G) would have on adenovirus replication in general and in particular, if the use of P+ G could reveal adenovirus infected cell specific polypeptides (other than the ICSP-3) early in infection.
METHODS

Viruses.
Adenovirus type 5 (Ad 75) was propagated in either KB cells or HeLa cells and virus seeds prepared and titrated and described previously (Russell et al. I967a; Russell, Newman & Williams, I972) . Poliovirus type 2 (vaccine strain, P712-ch-2ab) was propagated in HeLa cells in Eagle's medium and crude virus seeds prepared and titrated as described previously (Bablanian et al. 1965) .
General plan of experiments. Monolayers of HeLa ceils were grown in Linbro plates (35 x IO mm) with Eagle's medium supplemented with IO ~o foetal calf serum at 37 °C. The cells were infected with 0"4 ml of purified adenovirus seed at an input multiplicity of approx. 2oo p.f.u./cell. After I h adsorption, the unadsorbed virus was removed and 2 ml of pre-warmed Eagle's medium containing 2 ~ foetal calf serum was added per plate. Poliovirus at a multiplicity of approx. IOO p.f.u./cell in 1.5 mM-guanidine was also added in 0"4 ml per plate and after I h adsorption supplemented with 2 ml of medium as described above. All uninfected cultures were manipulated in a similar way and 1"5 mMguanidine was added to control cell cultures where appropriate. Cultures were pulsed with psS]-methionine by removing medium and adding I.O ml of Eagle's medium deprived of methionine and containing [asS]-methionine at Io/~Ci/ml in the presence or absence of 1.5 mM-guanidine.
After labelling for periods of 3o or 60 rain the labelled medium was removed, the cells scraped off and washed by resuspension in cold phosphate-buffered saline. After sedimentation in the cold (5oo g 5 rain) the cell pellet was resuspended in a small vol. of o'oo5 M-tris + HC1 buffer at pH 7"6 and stored at -2o °C.
Polyacrylamide gel electrophoresis and autoradiography. Cell extracts as obtained above were disrupted in a water bath-type sonicator (Megason) for about 3o s and dissociated by heating at IOO °C for 2 rain in the presence of I ~o SDS, 2 ~o mercaptoethanol, and 8 M-urea and then electrophoresed in 9 ~ polyacrylamide gels at 3o V and 3 mA/tube for 18 h. After electrophoresis the gels were sliced longitudinally, washed in 7 ~ acetic acid and then submitted to autoradiography as described previously (Fairbanks, Levinthal & Reeder, i965; Russell & Skehel, 1971 ). In some experiments psS]-methionine-labelled purified virus was also electrophoresed after similar dissociation. The virus was labelled and purified as described previously (Russell & Skehel, 1972) .
Total polypeptide synthesis was monitored by measuring the incorporation of [35S]methionine into acid-precipitable counts after 30 or 60 rain labelling. Two lO #I samples of disrupted cell extracts were placed on small filter paper discs. After drying, these discs were placed in 7"5 % trichloroacetic acid (TCA) at 4 °C for 15 rain. One of these discs was then further washed in cold TCA, in ethanol, finally in ether and after drying counted in a toluene scintillating fluid. The other filter disc was stained and protein content estimated using the method of Bramhall et al. (I969) .
Assembly of virus was measured by labelling infected cells with [35S]-methionine from I t h after adenovirus infection until 48 h. The methionine content of the medium was reduced to 5 % of the standard amount during the labelling period. The labelled extract was then treated with fluorocarbon (Arklone P. ICI Ltd.) and centrifuged to equilibrium in a pre-formed CsC1 gradient as described previously (Winters & Russell, I97I) . Eight drop fractions were collected and Io #1 samples of these were taken and spotted on to filter paper discs, dried and the radioactivity counted in a toluene scintillating fluid. The density gradient achieved was monitored during the harvesting of the gradient (Russell, Valentine & Pereira, I967b) .
Densitometer tracings of the autoradiograms were made using a Joyce Loebl Integrating Microdensitometer. Polypeptide synthesis was measured by assessing the areas under the relevant peak or peaks, care being taken to carry out these measurements on peaks where the density of blackening on the film would be expected to bear a linear relationship to the time of exposure of the film (Fairbanks Nomenclature. The terminology proposed by Ginsberg et al. (I966) for the capsid components of the virus (viz hexon, penton and fibre) for the internal components as proposed by Russell, McIntosh & Skehel 097I) (viz core-I and core-2 proteins) and for the infected cell polypeptides (viz ICSP I to 5) by Russell & Skehel (I972) is used in this paper.
RESULTS
Adenovirus polypeptide synthesis relative to the time of addition of P+ G
It has been shown that the overall protein synthesis of HeLa cell monolayers infected with poliovirus type I at a multiplicity of 1oooo p.f.u./cell in the presence of I"5 mMguanidine is significantly reduced at 3 h after infection (Holland, I964) . A similar inhibition was obtained at 3 h after HeLa cell monolayers were infected with poliovirus type z at a multiplicity of Ioop.f.u./cell in the presence of I'5mM-guanidine (R. Bablanian, unpublished results) . It was thus anticipated that the time of addition of P+ G relative to the time of adenovirus infection would be of some significance with regard to adenovirus polypeptide synthesis. Replicate cultures of HeLa cells were therefore infected with adenovirus at various times either before or after the addition of P+ G. The cultures were then pulse-labelled with [35S]-methionine late in infection at 18 h after adenovirus infection for 3 ° min and analysed by electrophoresis followed by autoradiography. The addition of P + G to cells, 3, 2 or I h before infecting cells with adenovirus, inhibited all adenovirusinduced polypeptide synthesis at I8 h after adenovirus infection. On the other hand, when 
The effect of the addition of P+ G after adenovirus infection on polypeptide synthesis
A more detailed analysis of the effect of P + G on virus polypeptide synthesis was obtained by adding P+ G to adenovirus-infected cells at 4"5 h post-infection and pulse labelling for 3o min at various times after infection. On electrophoresis and autoradiography, it can be seen (Fig. 2 ) that in cells treated with P + G there is a progressive inhibition of host protein synthesis related to the time of labelling. This progressive inhibition of cellular polypeptide synthesis is more striking in adenovirus-infected cultures treated with P + G than in P + G treated uninfected cultures. The addition of guanidine to adenovirus-infected cells has no effect on the synthesis of cellular and adenovirus structural and ICS polypeptides. Early after infection both in the presence and absence of P + G, the ICSP-3 could be readily discerned and there was a clear indication that the synthesis of this polypeptide was not affected to the same extent as that of the cellular polypeptides on the addition of P + G. Examination of Fig. 2 also shows that the 'switch-over' to the late polypeptide pattern is considerably delayed in the presence of P + G. A more quantitative assessment of polypeptide synthesis was obtained by determining the sp. act. of the labelled acid-insoluble material in the above experiment. Fig. 3 shows that addition of P + G leads to a progressively significant decrease in the level of polypeptide synthesis in both uninfected and adenovirus-infected cells. In the latter case, the lower level of polypeptide synthesis suggests that adenovirus infection, under these conditions, On exerts its own inhibitory effect in addition to that of P + G. It is notable that there is a significant increase of protein synthesis in both the uninfected and adenovirus-infected cells soon after the change of medium at 4"5 h after adenovirus infection, contrasting even more sharply the inhibitory effect of P + G. The results of this experiment also demonstrate that the total polypeptide synthesis in adenovirus-infected and uninfected cells, for a period of I8 h, is not much different. However, on differentiating the label attributable to host polypeptides from that due to virus polypeptides by analysis of the densitometer tracings, the pattern of host polypeptide synthesis can be more clearly seen. Thus, perusal of Fig. 4 shows that adenovirus infection does not significantly inhibit host polypeptide synthesis until about i8 h after infection, whereas, the addition of P+G to adenovirus-infected cells, causes significant inhibition of host polypeptide synthesis quite early in infection. In contrast, the high proportion of the total labelled polypeptides attributable to the ICSP-3 component in the presence of P + G (Fig. 5) indicates that under this condition, even early in infection, there is a selective inhibition of cellular polypeptide synthesis. All these points are further illustrated by analysing in more detail the densitometer tracings of the four gels corresponding to samples in Fig. z pulsed from r I to I 1.5 h after adenovirus infection (Fig. 6) . It is apparent that the general level of incorporation is dramatically reduced in cells treated with P+ G. It is worthy of note that the most prominent host polypeptide (marked x in Fig. 6 ) in cultures treated only with guanidine is reduced in the presence of P + G relative to another host polypeptide of slower mobility, which becomes the major labelled polypeptide in P+ G treated cells whether infected with adenovirus or not. In this and other experiments no differences could be detected in the pattern of host polypeptide synthesis between cells treated with guanidine and untreated controls. It can also be seen that the pattern of synthesis of adenovirus polypeptides is different in the cultures treated with P + G. Thus by comparing the ratio of ICSP-3 to hexon in the appropriate two tracings, it is evident that in the presence of P + G, ICSP-3 is relatively prominent, a characteristic of the early phase of adenovirus infection, indicating that the addition of P + G retards the' switch-over' to the late pattern of virus polypeptide synthesis. Fig. 6 also shows that by lowering the background of cellular polypeptide synthesis in adenovirus-infected cells other polypeptides can be recognized which are obscured in the absence of P + G. These polypeptides have been noted in a variety of situations where the background of cellular polypeptide synthesis has been reduced (e.g. on exposing the electropherograms used in Fig. 2 for a longer time, these components can be revealed). Fig. 7 shows the densitometer tracings of autoradiograms derived from extracts of cells infected with P + G at various times after adenovirus infection and co-electrophoresed with [35S]-methionine labelled virus. This clearly indicates that one of the unmasked polypeptides has a mobility significantly slower than the structural core-2 polypeptide. Anderson, Baum & Gesteland 0973) have recently provided evidence that a polypeptide with a similar mobility occurs in adenovirus 2-infected cells. Tryptic peptide mapping and 'pulse-chase' experiments suggested that the polypeptide was processed into the structural core-z (polypeptide VII in their nomenclature). Accordingly we have provisionally labelled this polypeptide 'p core-2' merely on the basis of similarity in electrophoretic mobility to the component described by Anderson et aL 0973). It is also worthy of note that a polypeptide of this mobility can be recognized in some preparations of purified virus (e.g. in Fig. 7 and 8) and this may reflect incorporation of incompletely processed polypeptide into the maturing virus particle (Russell & Skehel, I973) . Reference to Fig. 6 and 7 also suggests that by reducing the background synthesis of cellular polypeptides early in infection, core-I polypeptide as well as 'p-core 2' could be resolved before hexon oolypeptide synthesis became apparent.
To clarify exactly which of these adenovirus-induced polypeptides are produced 'early' in infection, cells were infected with virus in the presence of cytosine arabinoside, and P+ G was added I8 h after adenovirus infection and then pulse labelled with [35S]-methionine 4 h later. The pattern of polypeptide synthesis obtained is shown in Fig. 8 , indicating that in the absence of virus DNA synthesis, the synthesis of polypeptides corresponding in mobility to ICSP-3, core-I, 'p-core 2' and ICSP-5 can be recognized.
In addition to the selective inhibition of cellular polypeptide synthesis and the retardation of the ' switch-over' to the later polypeptide pattern synthesis (as noted above), it became evident during these studies that the addition of P ÷ G led also to a general retardation of the synthesis of the infected cell polypeptides-both ICSP's and structural. Fig. 9 shows a collection of autoradiograms of adenovirus-infected cells to which P÷ G was added at various times after infection. Close examination of the pattern and sequence of labelling of the various polypeptides here and in other experiments (e.g. Fig. 2 and 7) consistently I indicated an apparent sequence of translation which is shown in Fig. IO, although the order of the first three polypeptides was not always apparent. In this tentative ' map' no attempt has been made to place either ICSP-2, 4 or 5-There are prominent host cell polypeptides with the similar mobiiities to ICSP-2 and 4 which make it difficult to decide if indeed these are coded by the virus genome. On the other hand, ICSP-5 in a number of experiments, was apparently produced early in infection (e.g. Fig. 8 ) but this was not observed consistently enough to warrant a definite inclusion in the translation sequence. The effect of P+ G addition on polypetide synthesis could be exerted at a number of levels, e.g. at the stage of transcription, at post-transcriptional processing or at the level of initiation and elongation of the various polypeptides. In most of the experiments relatively little fibre polypeptide was synthesized in the presence of P+ G. This finding could reflect either the non-availability of the relevant messenger RNA or some specific effect of P + G addition on its translation. Also it could be argued that the sequence of polypeptide synthesis noted above is merely a reflection of the relative sensitivities of the synthesis of the various polypeptides to the addition of P + G. Accordingly, an experiment was devized to analyse the effect of the addition of P + G on the synthesis of polypeptides in the infected cells when added late in infection. Three replicate infected cultures were pulse labelled for 30 min with [35S]-methionine, one at 2o h and two at z3 h after adenovirus infection, adding P + G to one of the latter cultures 3 h previously. Fig. I I shows the densitometer tracings obtained from the autoradiograms. It can be seen that the fibre polypeptide synthesis in relation to the other polypeptides is significantly reduced under these conditions, suggesting that P + G has a marked inhibitory effect on the translation of the fibre polypeptide. There was, however, no indication that hexon and penton base polypeptide synthesis was more sensitive than the ICSP-I polypeptide to the action of P+ G suggesting that the sequence of these polypeptides noted above did not merely reflect the relative sensitivity of the synthesis of these various polypeptides to the addition of P + G.
The sequence of adenovirus specific polypeptide synthesis as revealed by the addition of eordycepin at various times after infection
In order to throw further light on possible mechanisms and the significance of the apparent translation sequence seen with P + G, the effect of cordycepin, an analogue of adenosine which has been shown to inhibit messenger RNA synthesis in HeLa cells, was studied. The present evidence suggests that cordycepin primarily inhibits the addition of polyadenylic nucleotide chains to heterogeneous nuclear RNA resulting in the failure of messenger RNA to appear in the cytoplasm (Penman, Rosbash & Penman, 197o; Adesnik et al. 1972) . In particular, Philipson et al. (I 97 I) have also shown that this analogue strikingly inhibits the appearance of adenovirus messenger RNA on the polyribosomes. Fig. 12 shows the polypeptide patterns obtained when cordycepin was added at various times after adenovirus infection. By careful comparison of these and other similar autoradiograms it is clear that using this inhibitor there is also an apparent sequence of translation. Thus ICSP-3 and core-I polypeptide can be recognized in the absence of other polypeptides; later addition of cordycepin allows the synthesis of ICSP-I followed by hexon and penton base polypeptides in good agreement with the results obtained above with P+ G. In other experiments with cordycepin added at 4"5 h post-infection and labelled at various times thereafter, the 'p-core-2' polypeptide can be recognized along with core-I and ICSP-3. These results then suggest that the sequence seen both with P+G and with cordycepin reflected not merely the sensitivities to inhibitors but a meaningful sequence possibly related to a sequence of virus transcription. 
Effect of P+ G on the formation of adenovirus particles
To test the effect of P + G on adenovirus morphogenesis, P + G was added at 3 and x o h after adenovirus infection to replicate cultures. These time points were chosen because the addition of P + G at 3 h prevented the synthesis of virus structural polypeptides, whereas, its addition at IO h allowed all virus polypeptides to be made (although the synthesis of the polypeptides was relatively reduced and the synthesis of fibre polypeptide was reduced relative to the others). The assembly of virus was measured by the incorporation of [35S]-methionine into material banding in an equilibrium caesium chloride gradient at the characteristic density of virus. Fig. I3 shows the radioactive profiles obtained from the gradient. The results indicate that P+ G added both at 3 h and Io h after adenovirus infection completely inhibits the formation of virus particles. It seems unlikely that this inhibition of assembly is simply related to the depletion of the fibre polypeptide since this polypeptide in normally infected cells is apparently synthesized in vast excess (Russell, Skehel & Williams, 1974) .
DISCUSSION
These experiments have clearly shown that superinfection of adenovirus infected HeLa cells with poliovirus in the presence of"guanidine can dramatically alter the course of adenovirus infection. This is in contrast to the effect noted by Choppin & Holmes (t967) for SV5 virus and by McCormick & Penman (I967) for mengovirus where infectious virus was replicated without restriction in the presence of P + G. It has also been shown that restricted replication occurred with NDV (Ito et al. I968 ) and VSV (Doyle & Holland, i972 ) in the presence of non-replicating poliovirus. Since treatment of cells with P+G significantly reduces total polypeptide synthesis in a few hours these differing results may very well merely reflect the different time courses of the infection by the viruses under investigation. In the case of adenovirus, it seems that cellular functions may be required both early in infection, for initiation of replication and late in infection, for assembly and maturation of virus. The time of addition of the P + G in relation to the adenovirus infection is of considerable significance since if P + G is added even I h before adenovirus, there is serious impairment of early adenovirus function suggesting that cellular integrity is necessary for the early stages of adenovirus processing. On adding P+G with the adenovirus or up to 3 h after adenovirus infection there is only limited synthesis of the adenovirus early components and no indication of synthesis of the 'late' components. It is not known whether this inability to synthesize the late adenovirus components is a result of the inhibition of adenovirus DNA synthesis by the P + G or some other effect of the P + G at the transcriptional or translational level. However, in adenovirus-infected cells which have been treated with P+ G there is a dramatic reduction in total polypeptide synthesis, but it is also quite clear that there is a selective inhibition of cellular polypeptide synthesis under these conditions. The evidence at present suggests (Leibowitz & Penman, I97I ) that this inhibition of cellular polypeptide synthesis by poliovirus occurs at the level of initiation of translation, implying that the factors controlling initiation of cellular and virus polypeptide synthesis are different, and that this difference extends to such diverse viruses as polio, SV5, NDV, VSV and adenovirus. Since fibre polypeptide synthesis appears to be much more sensitive to P+ G than the other virus polypeptides, then it may be that this polypeptide behaves more like a cellular polypeptide with regard to translational control. It is also of some interest to note that this selectivity may be mirrored by the action of interferon where there is evidence that, in some cases, the interference action may be related to a selective effect at the translational level (see review by Sonnabend & Friedman, I973).
On adding P+G to adenovirus infected cells it becomes clear that the reduction of cellular polypeptide synthesis which ensues, unmasks the synthesis of other polypeptides which have hitherto only been readily detected later in infection when the cellular background is normally reduced. Thus, it has become evident that as well as ICSP-3, the core-~ and the presumed 'p-core-2' components are synthesized early in infection. These polypeptides have, of course, been identified and classified only on the basis of their electrophoretic mobilities and clearly further work is required before they can be unequivocably equated to the core structural components. However, it is interesting that these findings corroborate the previous observations that antiserum against 'early' infected cells (P antiserum) would not react in complement fixation with purified virus but would react with preparations of degraded virus (Russell & Knight, 1967; Russell et al. 197I) . P + G leads to a delay in the 'switch-over' to late events, as well as to a retardation of the polypeptide synthesis leading in turn to a clear sequential appearance of the various polypeptides. The sequence did not appear to reflect merely the sensitivity of the synthesis of the various polypeptides to the presence of P + G since a substantially similar sequence was obtained by use of the inhibitor cordycepin suggesting that the sequence detected also reflected a sequence of transcription. This finding is rather difficult to reconcile with the suggestions from analyses of adenovirus RNA transcripts (Parsons, Gardner & Green, I97I ; Wall, Philipson & Darnell, I972) that the virus RNA is transcribed as a very large molecule which is later processed into discrete messengers containing poly A. This could be perhaps true of the 'early' products of transcription since no clear sequence of translation was ever noted, but the later polypeptides were clearly sequentially translated. These differing results could, of course, be reconciled to some extent if there was some sequence of processing of the large RNA transcripts.
It will be interesting to relate the proposed transcriptional sequence map from these experiments to the physical map obtained by restriction enzyme analysis (J. F. Sambrook, P. A. Sharp, B. Ozanne & U. Hersoon, personal communication) and to the genetic map. With regard to the latter, there is some evidence that the temperature sensitive mutants which show defects in early functions lie at the opposite end of the recombinant linkage map from those mutants which show defects in fibre antigen (Russell et al. I972; H. R. Young & J. F. Williams, personal communication), in agreement with the findings in these experiments.
